ABSTRACT Miniaturization of functional optical devices and circuits is a key prerequisite for a myriad of applications ranging from biosensing to quantum information processing. This development has considerably been spurred by rapid developments within plasmonics exploiting its unprecedented ability to squeeze light into subwavelength scale. In this study, we investigate on-chip plasmonic systems allowing for synchronous excitation of multiple inputs and examine the interference between two adjacent excited channels. We present a branchless interferometer consisting of two parallel plasmonic waveguides that can be either selectively or coherently excited via ultra-compact antenna couplers. The total coupling efficiency is quantitatively characterized in a systematic manner and shown to exceed 15% for small waveguide separations, with the power distribution between the two waveguides being efficiently and dynamically shaped by adjusting the incident beam position. The presented design principle can readily be extended to other configurations, giving new perspectives for highly dense integrated plasmonic circuitry, optoelectronic devices, and sensing applications.
Results and Discussion
The proposed configuration (Fig. 1a) consists of two subwavelength-separated plasmonic slot waveguides, individually fed by impedance-matched nanoantennas 26, 29 considered as one of the most compact solutions for a slot waveguide excitation. The pair of dipole antennas with a common side reflector is illuminated with a diffraction-limited focused Gaussian beam polarized along the long axis of the antennas. Electromagnetic radiation is captured by the antenna pair and the induced resonant charge oscillations in each individual antenna are launching surface plasmons polaritons (SPP) into the plasmonic slot waveguides (PSWs). The characterization of the proposed double PSW system is carried out in two steps. In the first step, we use the finitedifference time-domain (FDTD) method 30 to extensively investigate the modal properties supported by this system. The geometrical requirements for a coherent transmission with low cross-talk are defined. On this basis, the structures are designed, fabricated and characterized.
We start by examining the properties of a single plasmonic slot waveguide that constitute the transmission system in our study. To reduce mode leakage into the glass substrate (nglass = 1.45), a 300-nm-thick dielectric layer (PMMA, nPMMA = 1.49) is used to cover the PSW. Here, we focus on the PSW modes at the telecom wavelength λ 0 = 1550 nm, and employ the optical constants of gold reported by Johnson and Christy 31 . A representative field distribution of the fundamental mode supported by single PSWs is shown in Fig. 2a . The function of its modal effective index and propagation length with respect to slot width and variant metal thickness are depicted in Fig. 2c . With decreasing slot width, a larger overlap between the mode profile and the metal gives rise to an increase in the model index accompanied with a decrease in the propagation length. To maintain a relatively low loss characteristic while keeping the whole device thin and compact enough, we choose a balanced set of geometric sizes as = 100 nm and = 300 nm for the single PSWs, as indicated by the star symbol in Fig. 2c . Then we investigate the optical transmission system consisting of two parallel PSWs, which is in the following stated as the double PSW. Different from the single PSW, the double PSW system can support two orthogonal eigenmodes, characterized by anti-symmetric ( , ) and symmetric ( , ) field distributions, as shown in Fig. 2b . The total electric field in the system can thus be expressed as a linear superposition of the two modes: = ( ) + ( ) , where modal amplitudes ( ), ( ) can be given by ( ) = (0) exp(− 2 / 0 ) and
with the corresponding effective modal indices and of the anti-symmetric and symmetric modes, respectively. In Fig. 2d , we plot the functions of these two modal indices and with respect to waveguide separation . An asymptotic behaviour can be clearly seen when approaches the limit ~∞. In this case, both eigenmodes approximate the fundamental mode of the single PSW and thus the whole system function as two uncoupled PSWs (Supplementary Fig.   S1 ). By contrast, when gradually approaches to the other limit ~0, a large spatial overlap between the fields inside two closely adjacent PSWs would cause significant coupling, (Fig. 3a) to the lower one (Fig. 3c) . For the symmetric location of an incident laser beam, both waveguides are excited equally with two output spots indicating coherently excited and spatially separated wavefronts transmitted from the antennas ( On-chip interference can be demonstrated by branching the two simultaneous excited channels.
Therefore, we fabricated a set of MZI with different physical path lengths between both interferometer arms ( Supplementary Fig. S2 ), and thus inducing a phase difference between the two channels ranging from 0 and 2π. As a result, the optical signal collected from the single antenna at the output port is modulated by constructive or destructive interference (Fig. 5) . For further miniaturization of the interferometer, we investigated branchless systems with waveguide separation below 800 nm. At this regime of separation, we noticed an overlap of the signal emitted from the two out-coupling antennas driven by the transmitted signal. The two lobes in the image plane merge due to spatially overlapping wave fronts. Due to the far-field interference of the waveguide-driven nanoantennas, the scattering spot can reveal information about the relative phase and intensity of the individual emitters 33,34 . This finding implies that the waveguide system acts as an ultra-compact and branchless Mach-Zehnder interferometer. To investigate this phenomenon, we fabricated an asymmetric system consisting of a waveguide with 150 nm and 300 nm slot width. The difference ∆ in the mode effective index introduces a relative modal phase shift of ∆ = ∆ • , where is the length of the waveguide system. The simulated phase evolution mapped in Fig. 5a and 5b for a 15.63 µm and a 7.81 µm long structure shows a 2 and phase difference, respectively. We illustrate perfect constructive and destructive by measuring the transmission of the individual systems. Although the constructive interfering system is much longer, it shows a much higher transmission than the shorter system, where the signal emitted from the antennas are overlapping and destructively interfering in the far-field. It is noteworthy, that unequal losses in the individual waveguides and differences in coupling efficiencies can potentially be compensated by adjusting the beam position. Here, the maximum of the Gaussian beam is still positioned nearly the center of the in-coupling nanoantenna pair but the transmitted intensity is maximized for the in-phase or minimized for the out-of-phase configuration, respectively, by slightly shifting the relative beam position from the antenna pairs centroid point.
Based on this capability, a high extinction ratio of 18.3 dB is observed. This value is in good agreement with the expected extinction ration of 20 dB estimated by calculating the far-field interference pattern produced by two separated point-like dipole emitters under consideration of the unequal structure lengths and the finite acceptance angle of the used microscope objective. As shown in Fig. 5c , the resulting far-field interference of the in-phase radiating antennas yield in an intensity distribution mainly directed toward the normal direction. However, assuming two dipoles oscillating out-of-phase, the wavefronts cancel towards the normal direction due to destructive inference, while showing the first-order maxima emitting at large angles, barely detectable by the used high NA objective.
Conclusion
Summarizing, we have proposed and investigated, theoretically and experimentally, a branchless waveguide configuration that allows the simultaneous coherent excitation of of two plasmonic slot waveguide modes. The subwavelength separated parallel slot waveguides fed by ultracompact nanoantennas show a reasonably large in-coupling efficiency without significant crosstalk between the two individual slot waveguides. This system is utilized to realize a novel ultracompact Mach-Zehnder interferometer without a requirement for on-chip waveguide branching, making this system to be a very compact solution for sensing applications. Besides the miniaturization capabilities, another advantage of our design is the lateral accessibility of the metal pads forming this interferometric system. This unique attribute makes it a promising candidate for integrated plasmonic electro-optic applications.
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